Abstract-This work reports a modified regulated cascode (RGC) amplifier which , when used as a transimpedance amplifier (TIA), improves tolerance to ultra-high photodiode capacitances encountered in some optical communications applications. When a conventional RGC is used as a TIA the Miller capacitance, introduced by the base-collector capacitance of its common base stage, limits bandwidth and compromises stability. Such undesirable characteristics are simply eliminated by introducing an additional cascode stage that nullifies the Miller capacitance. We show that exceptional improvement in bandwidth can be made, which is important for visible light communication systems, where using large-area (large capacitance) photodiodes is desirable.
I. INTRODUCTION
In optical receivers, the transimpedance amplifier (TIAs) playa critical role in converting the detected photocurrent into an amplified voltage. Numerous reports have been published in the literature on the design of TIAs for fibre-optic communication system s at high data rates [1] [2] [3] . However , in the vast majority of reports, the designs involve photodiode capacitances ( Cpd) up to few picoFarads; particularly low values relative to values encountered in visible light communication (VLC) systems. Designs have been reported that utilise key bandwidth extension techniques, such as low input impedance amplifiers featuring common base (CB) [2, 4, 5] or regulated cascode (RGC) [6, 7] configurations. Different realisations of the RGC have been reported, some featuring additional bandwidth extension techniques such as inductive [8] and capacitive peaking [9] . Others focus on power and stability optimisation, while maintaining high bandwidths [10, 11] .
For VLC systems, standard TIA design techniques are applicable , however, some idiosyncrasies of such systems introduce additional design constraints. Firstly, the nature of the free space channel mainly relies on line-of-sight, with restricted received power being inversely proportional to the square of the distance. Second, the majority of photodiodes operating in the visible range are made of silicon, with relatively poor responsivity in the visible range , limiting the converted photocurrent. Therefore, to boost signal detection in VLC , a combination of high gain TIAs with either large photoactive area detectors [12] [13] [14] or new materials [15, 16] are required. Large area photodetectors and associated high junction capacitance limit the receiver bandwidth, particularly for TIAs with high input impedance [4, 17] . Furthermore, with advances in photodetectors using polymer-based materials, devices with responsivities higher than that of silicon in the visible range are emerging [16] , giving rise to a new class of photodiodes well suited to VLC systems. For instance, the only reported fully organic optical link using organic photodiodes (OPDs) used a commercial 50 n TIA and supported a transmission rate of only 350 kb/s [15] . Such bandwidth disadvantages of these new devices is attributed to significantly lower charge transport compared to silicon, by at least three orders of magnitude. As a result, there is a clear need for low input impedance TIAs to approach optimal performance when using new materials or large area silicon devices [15, 16] .
In this work, we develop a new low input impedance RGCbased TIA that works even with the exceptionally high photodiode capacitances encountered in VLC systems using large area devices. The conventional RGC (CRGC) performance is examined with high Cpd , while some design parameters such as the transistor transconductance 9 ml and 9 m 2 are varied. We develop and propose a new TIA configuration based on the RGC , which we term the modified RGC (MRGC). The new design significantly improves tolerance to high photodiode capacitances and improve s stability . The CRGC is modified by eliminating the Miller capacitance seen at the input as a result of the base collector capacitance (c,J of its CB stage [18] . The Miller capacitance at the input interplays with the large photodiode capacitance, hence compromising the bandwidth and stability of the amplifier. We eliminate the Miller capacitance by introducing a cascode configuration, and therefore extending the bandwidth and improving stability. We report the design basics and circuit response, together with a detailed study of performance based on detailed circuit modelling and pole-zero analysis.
II . DESIGN OF THE TRANS IMPEDANCE AMPLIFIER

A. Conventional RGC
The CRGC is a commonly used configuration in high speed TIAs. Fig. l(a) shows the CRGC TIA, a modification of the common base amplifier (Ql) that offers higher transconductance by means of a common emitter stage (Q2). The input resistance of the CRGC is lower than that of the CB by a factor equal to the voltage gain provided by the feedback of the common emitter stage [6] . To achieve wideband operation, the transconductance has to be maximised in order to reduce 978-1-7281-0397-6/19/$31.00 ©2019 IEEE the input impedance. A simplified equi valent circuit is derived for the CRGC in Fig. I(a) to examine the frequency-depende nt behaviour with a large photodiode capacitance as the transconductance is increased. The model takes into account the effect of the two transistor transcondu ctances g m1 and g m 2 , the resistive loads '1 and ' 2· Capacitances Cin = Cpd + C 1r 2, Ct = C 1r 1 + Cj12 and Cj12 as shown in Fig. 2 . Nodal analysis is applied to the equivalent circuit to give the input resistance and a seco nd-order transfer function as shown in ( I) and (2), respectively.
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III. R ESULTS
The perform ance of the CRGC and the MRG C with a photodiod e capacitance set to C pd = 4 nF is analysed in term s of its stability and bandwidth. According to the equations derived in Section II increasing gm , reduces the input interplays with the large photodiode capacitance, generating a complex pole that dictates the bandwidth and stability of the RGC. Fig. I (b) shows a new TIA co nfiguration based on the RGC, i.e. the MRGC. In this circuit the Miller capacitance res ulting from the base collector capacitance ( Cj11) of QI is eliminated through a cascode configuration that adds a common base stage Q3. Therefore, the signal flowing from the collector of Q2 to the base of Q l is not limited by the Miller effect of the base collector capacitor Cj11. In other words, the proposed RGC modification extends the bandwidth of the RGC by neutr alising the impact of the Miller capacitance on the frequency of the complex pole, thus shifting the location of the complex pole to a higher frequency. A simplified model of the prop osed MRGC is illustrated in Fig. 3 . The model considers the capaci tances Cin = Cpd + C 1r2 , Ct = C 1r 1 + CjL2, Cj11 and Cj13. Simil ar to the CRGC, the frequency response of the MRGC can be approxi mated by (I ) where the zero is still neglected. The inpu t resistance and A z( O) remain the same as the CRGC as show n in ( I) and (2), respect ively. Similarly, the complex pole can be evaluated as in (3) . On the other hand, W n and Q are expressed as:
where A = g m 212 and Q is given by: The RGC transfer function is composed of a zero and two real poles; the input and output poles which form a complex pole described by (3) in terms of the dampin g factor ( = 2b.
Meanwhile, the zero is at much higher frequency than the complex pole, so it can be neglected [19] . Finally, A z (0) and W n are respec tively expressed as: .,.
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o~- ) resistance which leads to increased bandwidth. This is further high lighted by W n and the complex pole equations, where the value of W n increases with increasing gm. This in turn shift s P1 to higher frequencies, enhancing both the CRGC and MRGC bandwidths. However, increasing gm has the downside of increasing Q , which lowers the phase margin and hence compromises the stability of the CRGC amp lifier. Therefore, incre asing gm enhances the amplifier bandwidth, increases Q and leads to peaking in the frequency respon se and reduction in the phase margin which could eventually lead to amplifier oscillation. Hence , increasing gm imposes a trade-off between the amp lifier stability and bandwidth for the CRGC. On the other hand , increasing gm for the MRGC causes an increase in uu; and a comparatively less severe increase of Q , while the phase margin reduces less significantly, improving stability with respect to the CRGC, as will be illustrated later.
In order to illustrate the above analysis, the stabilities of the CRGC and the MRGC are examined by plotting the amplifiers pole action, in the s-plane, while sequentially varying g m1 and gm2 . First , we set g m 2 con stantly at 40 mS to ensure there is no effect on the phase margin or peaking, while the value of gm 1 is varied in the range of 40 mS to 280 mS in steps of 40 mS. Next , we constantly set gm 1 = 40 mS and vary g m2 .
Star ting with point (I a) for the case of the CRGC, the case where g m 2 = 40 mS and g m1 is varied, Fig. 4 illustrates that incre asing the value of g m1 pushe s the complex pole towards the unstable region of the s-plane as indicated by the arrow. This is because increasing gm 1 increases the CB voltage gain, which in turn increases the value of the Miller capacitance. The direct result of which is a reduction in the stability of the amp lifier. Meanwhile, in the case of the MRGC with the same constraints of gm 1 and gm2 , i.e. point (lb), the effect of the Mi ller capacitance is neutr alised, as increasing gm1 pushe s the complex pole away from the unstab le region . Moreover, the incre ase in the amplifier bandwidth is demonstrated via the incre ase in the distance between each of the complex poles from the real axis, which is equivalent to the value of the damped natural frequency W d . Therefore, it is clear that in the case of the CRGC (I a), increa sing g m1 results in a marginal incre ase in Wd, leading to a comparatively minor bandwidth enhancement. On the other hand, the increa se in Wd in the case of the MRGC (I b) as g m1 increases is significant, resulting On the other hand, setting g m1 = 40 mS constantly, while increasing gm2 has a similar effect in the case of the CRGC at point (2a) and the MRGC (2b), where the comp lex pole is pushed away from the unstable region of the s-plane in both cases. Nevertheless, it is clear that the complex pole loci for the MRGC sits further away in comparison to the CRGC in term s of the real frequency, due to the elimination of Miller capacitance effect. Recalling that g m 2 is the varied while gm 1 is set constant at 40 mS , the Miller effect observed in the CRGC is not eliminated, but kept constant at em = gm1 11 CJ.L 1.
Moreover, with regard s to bandwidth extension, increasing gm2 in the case of the CRGC (2a) incre ases Wd and therefore increases the amp lifier bandwidth more significantly than the previous case. Nevertheless, the bandwidth enhancement is still limited by the Miller capacitance. Meanwhile, in the MRGC case at point (2b) it is observed that increasing gm2 provides a significant bandwidth enhancement. This conclusion is highli ghted in Fig. 5 which shows the pha se margin for the CRGC and MRGC. The red lines indicate the case where gm2 is varied and g m 1 is 40 mS, and the blue is the alternative case. From Fig . 5 , it is clearly evident that the CRGC amplifier phase margin reduces substantially as the value of g m 1 is increased to appro xim ately 20 degrees when gm 1 = 280 mS . This large redu ction is due to an incre ase in the Mill er capacitance seen at the input of the CRGC caused by the incre ase in the CB Q l voltage gain. On the other hand, in the MRGC case, a reason ably con stant phase margin is maintained even when g m 1 increases,thus furthering the advantage the additional cascode stage. A modification of the low input impedance regulated cascode configuration (RGC) has been proposed to eliminate the undesirable Miller capacitance effect that results from the base-collector capacitance of the its common base stage. We show, through mathematical analysis and full circuit simulations, that introducing a cascode stage improves the circuit tolerance to high photodiode capacitances (even in the nF range). The newly proposed circuit (MRGC) results in improved bandwidth and stability and better behaved gain and input impedance frequency responses. tolerated in VLC systems without reduction of bandwidth. This advantageously allows higher detected powers and better signal -to-noise ratios. It is worth noting that the advantages of the MRGC come at the expense of slight increase in power consumption, due to the higher headroom required by the additional transistor stage , and a commensurate increase in circuit size. Conclusively, for the CRGC increasing gml only results in a slight increase in bandwidth at the cost of lower stability. Meanwhile, in the case of MRGC, there is a clear benefit in increasing g ml , for both bandwidth and stability, as the Miller capacitance is removed.
To verify the conclusions drawn from the complex pole action and the phase margin of the two configurations we simulate full circuit models using ADS and take the BFR 193 bipolar transistorref BFR 193 as the test device. The transimpedance gain, voltage gain and input impedance of both configurations are simulated and shown in Figs. 6(a)-(c) . We introduce two new cases ; (i) case I, where g ml = 40 mS for both amplifiers to reduce the effect of the Miller capacitance, ensuring sufficient phase margin and moderate peaking in the case of the CRGC. The value of g m 2 is set to 240 mS to achieve the best possible bandwidth, while maintaining a phase margin > 45 degrees; next (ii) in case 2, the value of gml = 120 mS and gm2 = 240 mS. Fig. 6(a) shows that in case I the CRGC gives a bandwidth of 71 MHz with a moderate peak, while the MRGC provides a greater bandwidth (81 MHz), yet the response is clearly over-damped which implies that the value of gml can be increased for further bandwidth extension. In case 2, the increased value of gml results in a peak in the CRGC frequency response and a slight bandwidth extension (of 17 MHz) relative to case I. On the other hand, for the MRGC, the new values lead to significant bandwidth extension of 220 %. These studies confirm that the proposed MRGC configuration provides an additional degree of freedom to the designer, enabling the increase of gml, which gives substantial increase in bandwidth and improvement of stability.
These results are strongly supported by Fig . 6(b) , which shows the voltage gain of each configuration for both cases. The neutralisation of the Miller capacitance is clear in both cases for the MRGC. Furthermore, Fig. 6(c) shows the input impedance for both configurations, where they are initially equivalent in both cases. Clearly, with increasing frequency, the peaks are suppressed in the MGCR case comparing to the CRGC, which is advantageous. Together, these results show that larger area or higher capacitance photodiodes may be
